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A REDUNDANT LOW POWER 
FOR THE 
ORBITING SOLAR OBSERVATORY 
PCM TELEMETER . 
Po 
G e o r g e  P a u l  E. Beckwith Brec l ing NASA CR71255 $ 1  '4 
&; Elec t ro-Mechanica l  R e s e a r c h .  Incorpora ted  Sa raso ta ,  F l o r i d a  
S u m m a r y  
The Orbi t ing So la r  Observa tory  Sa te l l i t e  
developed for  NASA under  con t r ac t  -, 
P r i m e  Con t rac to r ,  Bal l  B r o t h e r s  R e s e a r c h  C o r p . ,  
Boulder ,  Colorado,  r e q u i r e s  a PCM t e l e m e t e r  
having a v e r y  high probabi l i ty  of success fu l  
operat ion f o r  a per iod  of a y e a r ,  in addi t ion to  
the usua l  s t r ingent  r e s t r i c t ions  on s i z e ,  weight 
and  power consumption. 
re l iab i l i ty  r e q u i r e m e n t s  leads  t o  the conclusion 
tha t  the d e s i r e d  re l iab i l i ty  only c a n  be achieved  
by the use  of redundancy.  This  p a p e r  eva lua ter  
the i e v e r a l  approaches  to redundancy in t e r m s  of 
the s y s t e m  r e q u i r e m e n t i .  The use  of redundancy, 
however ,  is a t  odds with the o ther  r e q u i r e m e n t s  
of s i z e ,  weight, and power ,  so tha t  ca re fu l  
des ign  using re l iab le  minia ture  components  and  a 
minimum of power d iss ipa t ing  e l e m e n t s  i s  
nece  s s a r y  . 
Considera t ion  of the 
T h i s  paper  d e s c r i b e s  the development of 
a PCM t e l e m e t e r  s y s t e m  cons is t ing  of a bas ic  
t iming clock fo r  a l l  s a t e l l i t e  funct ions,  analog 
s u b c o m m u t a t o r s ,  a digital  commuta tor ,  a n  
analog-to-digi ta l  c o n v e r t e r  and a s s o c i a t e d  
p a r a l l e l / s e r i a l  c o n v e r t e r s  and modula tors .  Long 
t e r m  re l iab i l i ty  is obtained by comple te  compo- 
nent t e s t ing ,  aging and se lec t ion ,  and by the u s e  
of redundancy a t  the bas ic  component leve l .  
analog and  digital  c i r cu i t s  a r e  designed using 
quad -type redundancy. 
Both 
A new approach  to analog c i r cu i t  redundancy 
is d i s c u s s e d  in de ta i l .  H e r e ,  as with the digital  
c i r c u i t r y ,  a s ingle  t r a n s i s t o r  i s  rep laced  by a 
quad of t r a n s i e t o r s .  The g e n e r a l  concept  is tha t  
two of the t r a n s i s t o r s  in the  quad r e m a i n  sa tura ted  
while the o the r  two t r a n s i s t o r s  p e r f o r m  ac t ive ly .  
Junc t ion  s h o r t s  o c c u r r i n g  in the ac t ive  t r a n s i s t o r s  
c a u s e  the sa tu ra t ed  t r a n a i e t o r s  t o  a s s u m e  the 
ac t ive  r o l e ,  while su i tab le  feedback s t ab i l i ze s  
gain and opera t ing  points .  
T h e  use  of low-power c i r c u i t r y  throughout 
r e d u c e s  t h e r m a l  s t r e s s  on individual components .  
The  to ta l  r e s u l t  of this low power redundant  design 
phi losophy,  wherein no s ingle  f a i lu re  c a n  c a u s e  a 
r y s t e m  fa i lu re ,  i s  t o  produce a s y s t e m  with a n  
e x t r a p o l a t e d  probabi l i ty  of s u c c e s s  of 0. 99 fo r  a 
o n e - y e a r  pe r iod .  
Introduct ion 
An e n o r m o u s  inves tment  in t e r m s  of 
t ime ,  money,  and manpower  i s  r e p r e s e n t e d  in 
the launching of a ea te l l i t e  o r  s i m i l a r  s p a c e  
vehicle .  
board  e lec t ronic  equipment  be as r e l i ab le  a s  
poss ib le  s ince  the s p a c e  env i ronmen t  gene ra l ly  
prec ludes  maintenance and  r e p a i r .  O t h e r  
fundamental  c h a r a c t e r i s t i c s  of the  idea l  apace  
e l ec t ron ic  s y s t e m  a r e  tha t  of s m a l l  s i z e ,  weight  
and low power consumption,  s i n c e  b o o s t e r  power 
and p r i m a r y  e l e c t r i c  power usua l ly  are l imi ted .  
T h i s  p a p e r  d i s c u s s e s  the deve lopmen t  of a 
sa t e l l i t e  b o r n  PCM t e l e m e t e r  in  which the 
des ign ,  while emphas iz ing  r e l i ab i l i t y ,  h a m  t r i e d  
to e n c o m p a s s ,  in s o m e  d e g r e e ,  the o the r  
c h a r a c t e r i s t i c s  of the ideal  s y s t e m .  
Good economics  d ic ta te  tha t  the on-  
Rel iabi l i ty  is sought in many ways but  
the keystone of the re l iab le  s y s t e m  m u s t  be the 
re l iab le  component .  It has  been d e m o n s t r a t e d  
tha t  components ,  both ac t ive  and  pase ive .  c a n  
be made  e x t r e m e l y  re l iab le  by ca re fu l ly  
cont ro l led  manufactur ing p r o c e s s e s  and  by 
s t r ingen t  s c reen ing ,  aging and tes t ing  p r o g r a m s .  
F u r t h e r m o r e ,  it has  been shown that a d i r e c t  
co r re l a t ion  ex ia t s  between f a i lu re  r a t e s  and  the 
power d iss ipa ted  in a component  so re l iab i l i ty  
c a n  be i n c r e a s e d  fu r the r  by opera t ing  a l l  
components  a t  low power l eve l s .  
s imp le ,  s t r a igh t  f o r w a r d  c i r c u i t  des ign ,  
uti l izing the s m a l l e s t  poss ib le  n u m b e r  of 
components  in the lowest  power c i r c u i t r y  
poss ib le ,  and the c a r e f u l  cul l ing of componen t i  
ce r t a in ly  will reduce  the n u m b e r  of f a i l u r e s  to  
a min imum.  However ,  s u c h  m e a s u r e s  cannot  
offer  a n  absolute  cer ta in ty  of equ ipmen t  
su rv iva l ;  indeed, it i s  a m a t h e m a t i c a l  ce r t a in ty  
tha t  the equipment  eventual ly  will  fa i l  no 
m a t t e r  what precaut ions  a r e  taken .  
tha t  c a n  be achieved  is t o  provide a high 
probabi l i ty  that the equipment  will  su rv ive  f o r  
a s ta ted  per iod .  When thie s t a t ed  p e r i o d  is one 
y e a r ,  the probabi l i ty  of su rv iva l  of convent ional  
equipment  i s  re la t ive ly  sma l l .  F o r  e x a m p l e ,  a 
s y s t e m  employing 500 t r a n s i s t o r s  tha t  have a n  
a v e r a g e  m e a n  t ime between f a i l u r e  of 10 mi l l ion  
hours  will have a probabi l i ty  of su rv iva l  f o r  a 
The  use  of 
T h e  b e s t  
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P a s s i v e  or p a r t  redundancy g e n e r a l l y  Is 
i m p l e m e n t e d  by the p a r a l l e l  s e r i e s  quad configur- 
a t ion  shown in  F i g u r e  (3). 
quad could r e p r e s e n t  fndivldual components  o r  
c i r c u i t s .  A nhor t  o r  open  c i r c u i t  In any  block is 
c o n s i d e r e d  a fa i lure .  of tha t  b lock .  The quad will 
fa i l  i f  two s e r i e s  b locks  s h o r t  or the  two pa ra l l e l  
p a t h s  open .  If the do t t ed  connec t ion  is open thcre 
are  two cornbinntions of s h o r t  c i r c u i t s  and four 
combina t ions  of open c i r c u i t s  tha t  will  c a u s e  quad 
f a i l u r e .  If the  dot ted  connectfon i n  c losed  the re  
a r e  f o u r  combina t ions  of s h o r t  c i r c u i t s  and two 
of open  c i r c u i t s  t ha t  will  c a u s e  f a i l u r e .  If t he  
p robab i l i t y  of any  b lock  f a i l u r e  i s  s m a l l  for the 
d e s i r e d  m i s s i o n  t i m e  the  p robab i l i t y  of quad 
f a i l u r e  for the  dot ted  connec t ion  open will  b e  
T h e  f o u r  blocks of the 
Pf = Z ( P , $  + 4(P0I2  ( 6 )  
w h e r e  
and  
Pa = probab i l i t y  of a s h o r t  c i r c u l t  P,<<1 
Po = probab i l i t y  of a n  open  c i r c u i t  Po<<I 
S i m i l a r l y  the p robab i l i t y  of quad f a i lu re  f o r  the 
do t t ed  connec t ion  c loned  i s  
T r a n s i s t o r  quad redundancy m a y  be  in t roduced  
b y  subs t i t u t ing  a t r a n e i s t o r  and  i t s  ansoc ia t ed  
c i r c u i t r y  for e a c h  block i n  the  p a r a l l e l  n c r i e s  
quad .  
l e a s t  two  f a i l u r e s  a r e  r e q u i r e d  for quad fa i lure .  
If the  r e l a t i v e  f r equency  of ef fec t ive  s h o r t  o r  
o p e n  c i r c u i t s  for the  individual t r a n s i e t o r  blockn 
is known equat ion  ( 6 )  and  ( 7 )  can  be  u s e d  to  
de t e  r m i n e  the  p r e f e r r e d  quad confi giiration. 
S ince  i t  o f t en  i s  difficult  to p r e d i c t  the r e l a t iv r  
p robab i l i t y  of t r a n s i n t o r  Rhort or open  c i r cu i t e  
t hey  wi l l  be  a s s u m e d  equa l .  o r  
T h e  quad  mun t  be c o n s t r u c t e d  s o  that  at 
w h e r e  P f ( t r a n a i s t o r )  is the  p robab i l i t y  of fa i lure  
of a t r a n s i s t o r  and i t s  aaeoc ia t ed  c i r c u i t r y .  Thus 
f r o m  equa t ions  ( 6 )  o r  ( 7 )  the  p robab i l i t y  of failure 
of a t r a n n i s t o r  quad ,  P f ( q u a d ) ,  i s  
F o r  the amnumed 2 ,000 ,000  h o u r  m e a n  t i m e  to  
f a i lu re  for a t r i l n s l s to r  and i t s  a s soc ia t ed  c o m -  
ponents  and  a 10 ,000  h o u r  m i s s i o n  t lrne.  Pft i r  
(10 )  
= l - =  -0 .005 1 0 , 0 0 0  
P i t  = 1 - e  - t f  
= - e  - 2 . 0 0 0 . m  
= 1 - 0 . 9 9 5  = 0.005 
Then  f r o m  equat ion  ( 9 )  
If e a c h  t r a n s i e t o r  i n  the  o r ig ina l  500 t r a n s i s t o r  
s y s t e m  i e  r ep laced  by a t r a n n f s t o r  quad ,  the 
quad redundant  s y n t e m  probabi l i ty  of su rv iva l .  
P,4.  i s  the p roduc t  of the  individual quad s u r v i v a l  
p robab i l i t i e s  o r  
Thus  the  in t roduct ion  of quad redundancy h a s  
i n c r e a e e d  thc  p r r d i c t e d  probabi l i ty  of e u c c e s s  
f r o m  0 . 0 8 2  to 0 .981 .  Char t  ( 1 )  i nd ica t e s  t ha t  
quad redundancy h a s  g r e a t l y  exceeded the  s u c c e s s  
probabi l i ty  that c a n  he obtained by a s s u m i n g  a 
t en  tirnen i m p r o v e m e n t  in component  f a i lu re  r a t e  
with nonredundant  c i r c u i t r y .  To obta in ,  a 
s i m i l a r  0 . 9 8 1  p r r d i c t e d  re l iab i l i ty  with n o n r e -  
dundant c i r c u i t r y  would r e q u i r e  a t r a n s i s t o r  and  
i ts  a s e o r i a t e d  componentn to have a m e a n  t i m e  
to  f a i lu re  of 267 mi l l i on  hourn .  
S y e t e m  Des lgn  
The  Orb i t ing  S o l a r  O b s e r v a t o r y  Data  
Handling S y s t e m  i s  composed  of fou r  s e p a r a t e  
a f i s embl i ee  cons i s t ing  of two d ig i ta l  mu l t ip l exe r  
and e n c o d e r  a s s e m b l i e s  and  two analog sub-  
c o m m u t a t o r  a s s e m b l i e s .  
c o m m u t a t o r s  o p e r a t e  cont inua l ly  while the d ig i ta l  
m u l t i p l c x e r  and e n c o d e r s  inputs  and  outputs  are  
The  two ana log  s u b -  
___ 
T r a n s i e t o r  and  A s s o c i a t e d  
Component8 
M e a n  t i m e  to  f a i lu re  h o u r s  
i,ooo,ooo 
2 , 0 0 0 , 0 0 0  
20 ,000 .000  
Nonre  dundant 
0 . 0 0 7  
0 . 0 8 2  
0 .779  
C i rcu i t  Redundant 
0 . 0 1 4  0 . 0 2 0  
0 .  158 0 .  227 
0.95i 0 . 9 8 9  
Redundant 
0 .9284  
0 .9814  
CHART 1. 10 ,000  Hour  Predicted Reliabil i ty for Typ ica l  500 T r a n f i i e t o r  Funct ion  S y s t e m  
connected i n  p a r a l l e l  with power  being appl ied ,  
via a c o m m a n d  l ink ,  to only  one unit  a t  a t i m e .  
F l g u r e  1 i l l u s t r a t e s  the ayn tem functlonal 
diagram. A d ig i ta l  f rame c o n s i s t s  of 32 dig i ta l  
channe l s ,  including- 30 da t a  channels  and two 
f r a m e  synchron iz ing  channels .  Twenty-eight  
d a t a  inputs  a r e  obta ined  i n  the f o r m  of an e ight  
bit b i n a r y  code f r o m  the v a r i o u s  sa te l l i t e  r x p e r i -  
m e n t s  and a r e  r e a d  f r o m  ntorage  shift  r e g i n t e r s .  
T h e  r ema in ing  two d ig i ta l  i npu t s ,  r ep renen t ing  
p r i m a r i l y  sa t e l l i t e  housekeeping d a t a ,  a r e  
obta ined  f r o m  9 4  subcommuta ted  analog vo l t ages ,  
va ry ing  from z e r o  to five vol t s  full  s c a l e .  T h e s e  
vo l t ages  a r e  encoded b y  the ana log/d ig i ta l  conve r -  
t e r  in to  a l ike  e ight  bit  code and  a re  r e a d  f r o m  
the  p a r a l l e l  to s e r i a l  c o n v e r t e r  s t o r a g e  r e g i s t e r  
when i n t e r r o g a t e d  b y  the d ig i ta l  c o m m u t a t o r .  
T h e  output of the  d ig i ta l  c o m m u t a t o r  i s  app l i ed  to 
m o d u l a t o r s  w h e r e  the d a t a  i s  conve r t ed  in to  N R Z  
and B iphase  R Z  Modulated P C M  s e r i a l  pu lse  
t r a i n s  for t r a n s m i s s i o n  a t  a r a t e  of 400 b i t s  p e r  
eecond.  
S y s t e m  Rel iab i l i ty  P r e d i c t i o n  
T h e  p r e d i c t e d  p robab i l i t y  of nurviva l  for  the 
d ig i t a l  and  ana log  d a t a  handled  by the O S 0  
t e l e m e t e r  wi l l  be  ca l cu la t ed  us ing  the s impl i f i ed  
m e t h o d  of redundant  r e l i ab i l i t y  p red ic t ion  
p r e v i o u s l y  d i s c u s s e d .  
10,000 h o u r  m i s s i o n  t i m e  and 2 ,000 ,000  hour  
m e a n  t i m e  t o  f a i lu re  for  a t r a n s i s t o r  and i t s  
a s s o c i a t e d  componen t s ,  will  b e  a s s u m e d .  A 
r e l i ab i l i t y  p r e d i c t i o n  block d i a g r a m ,  F i g u r e  (21, 
is u s e d  to  s u m i n a r i z e  the  r e s u l t s .  T h r  re l iab i l i ty  
p r e d i c t i o n s  for e a c h  block in thin s impl i f i ed  
e y s t e m  d i a g r a m  a r e  ca l cu la t ed  by cons ide  ring 
the  app l i cab le  n u m b e r  of t r a n s i s t o r s  or t r a n s i s t o r  
q u a d s ,  and  the  type of redundancy employed.  
The  s a m e  in i t ia l  condi t ions ,  
All  d a t a  handled by the  t e l e m e t e r  i s  w o r d  
Two ga ted  by the  32 channel  d ig i ta l  c o m m u t a t o r .  
of t h e s e  channe l s  a re  u s e d  to ga t e  the  ana log  
in fo rma t ion .  
w o r d s  and  two m a i n  f r a m e  synch  words  a r e  of 
p r i m a r y  c o n c e r n .  
with t h i s  d ig i t a l  d a t a  a r e  c i r c u i t  redundant  a s  
w e l l  as q u a d  redundant .  
p r e d i c t i o n  b lock  d i a g r a m  and equa t ion  ( 4 )  the 
r e l i a b i l i t y  p r e d i c t i o n  f o r  the  d ig i ta l  d a t a  i s  
The  r ema in ing  28 e x t e r n a l  d ig i t a l  
T h e r e f o r e  a l l  c i r c u i t s  concernec 
T h u s  f r o m  the re l iab i l i ty  
P e ( & g i t a l )  = 1-( 1-0 .  0 0 6 6 ) L  = 0 . 9 9 9 9 5  
T h e r e f o r e  the  p r e d i c t e d  r e l i ab i l i t y  f o r  o v e r  9 3 %  
of t he  d a t a  e x c e e d s  0 . 9 9 9 9 5 .  
T h e  ana log  to d ig i ta l  c o n v e r t e r s  or ig ina l ly  
w e r e  d e s i g n e d  us ing  quad r edundancy .  To m e e t  
weiRht and volume r r q u l r e m e n t s  In the d lg l ta l  
mu l t lp l exe r  and e n c o d e r  a s s e m b l l e s  a r edes lgn  
was  n e c e s s a r y  uning s o m e  nonredundant  traneim- 
t o r s .  Thus  the analog to d ig i ta l  c o n v e r t e r s  are  
only  pa r t i a l ly  quad redundant  and c i r c u l t  r edun-  
dancy I R  u s r d  to i n c r r a s e  the  ana log  Informat lon  
p r r d i r t e d  re l iab i l i ty .  S lnce  t h r  digital  c i rcu i t .  
m u s t  nu rv iv r  to ohtain R s e r l a l  P C M  output ,  the 
p red ic t ed  re l iab i l i ty  for p i the r  annembly is 
From equat ion  ( 4 )  the  p r r d l r t e d  r e l i ab i l i t y  f o r  t h r  
c t r c u i t  redundant conf igura t ion  i n  
= 0 . 9 0 7  2 P a  = 1 - ( I  - 0 .  3046)  
The  ana log  RubrommutatorR a r e  quad redundant  
with the except ion  of t h r  f i rn t  t i e r  of the ana log  
input s w i t c h r s .  H o w e v r r  Rufficirnt redundancy 
i s  des igned  into t h r  swi tch  hankn so that  in the 
wornt  c a n r .  a s ingle  f a l lu re  r a n  only d i sab le  
seven  o t h e r  analog inputs .  Th i s  was  fe l t  to be  
nufficient redundanry .  nince the analog da ta  Is 
but a s m a l l  por t ion  of the to ta l  in format ion  
p r o c e s s e d .  Appropr i a t r  a l lowances  a r e  made  
for th i s  individual channel  nonredundancy in  the 
ana log  c o m m u t a t o r  r e l i ab i l i t y  pred ic t ion .  Thue 
the p red ic t ed  re l iah i l i ty  nhown in F i g u r e  ( 2 )  t o  
f o r  any  one analog inpiit.  A p a r t i c u l a r l y  i m p o r -  
tant da t a  s o u r c e  m a y  be connec ted  to s e v e r a l  
nepa ra t e  inputs to i n c r r a s r  i t s  p robabi l i ty  of 
su rv iva l .  
tion for any  analog inptit i n  
F r o m  the above the re l iab i l i ty  p r e d i c -  
P s ( a n a l o g )  = 0 . 9 7 7  x 0 . 9 0 7  = 0 . 8 8 6  
Digital C i r cu i t  Design 
The p r i m a r y  d ig i ta l  denign requirement .  
for the O S 0  t e l e m e t e r  w e r e  low powcr and 
s impl i c i ty  of r rdundan t  c i r c u i t  depign. To ach ieve  
t h e s e  g o a l s ,  the d ig i ta l  r i r c u i t s  util17.e t r ans i s to r .  
of a l t e rna t ing  conductivity types  to m i n i m i z e  
pafisive power  d i s s ipa t ing  e l emen t8 .  
c o l l r c t o r  of a P N P  t r a n e i s t o r  1 4  connrc t ed  
d i r e c t l y  to th r  b a s e  c i r c u i t  of an NPN t r a n s i s t o r  
a r d  th i s  N P N  m a y  h r  ronncc tcd  to a succeeding  
P N P .  P o w e r  consumption 1s rcdt irrd s i n c r  a 
t r a n s i s t o r  co l l ec to r  n r r d  only supply  c u r r e n t  
d r i v e  to the  base  of the euccceding  t r a n s i s t o r  of 
thc oppos i te  conductivity t y p r .  
logic s e q u r n c r  r i t h r r  a l l  the t r a n n i s t o r s  a r e  
rondricting o r  not ronductinji .  
a r r a n g c d  R O  that  the duty cyc le  of conducting 
p e r i o d s  i s  m i n i m i z e d ,  t h r r e b y  reducing  nupply 
d r a i n  s ince  a t  any  t i m r  m o a t  t r an f l i s to r s  a r e  in  
the off s t a t e  with only  l raka j ie  c u r r e n t s  flowing. 
Thus  the ' 
T h e r e f o r e  in  a 
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Low p o w e r  d isn ipa t ion  ac.1iic-vt.d in appliealionn 
w h e r e  a low in iprdancc  output i s  rrqti irr ,d 111 both 
loRic s t a t e p  b y  providing a cornpIcinr*ntary 
s y m m e t r y  output .  
a s  a c o l l r c t o r  load  f o r  t h r  c o n d ~ i r t i n g  t r a n f l i n t o r .  
the  only  in t i - rna l  power  diRRipatcd i s  i r i  I ~ C  h n ~ c  
c i r c u i t .  Since t r a n q i n t o r  rirriiit  r y  is r f i r~r i i t i a l ly  
c u r r e n t  oprratc.d i t  fol lows that  powr  r r o n ~ ~ i n i p l i o n  
i s  a l s o  r educed  b y  in in imis ing  thr n u ~ n t i ~ r  nntl 
magni tude  of fiupply vol tages .  T h e  r r l a t i v c l y  
high conduct ing b a s e  r m i t t r r  vnl tagr  clrnp i n  
e i l i con  t r a n n i s t o r s  p p r m i t s  thv el i tninatir~i i  of 
t u r n  off bian suppl i rR.  Carefu l  sc lcc t ion  and  
tes t ing  of componrntR p e r m i t s  tlenign to c l o s e r  
t o l e r a n c e s  t h e r e b y  reducing p o w e r  cons~irnpt ion.  
A l l  t r a n s i s t o r s  a r e  npecif ied for  h i g h  Rain" at 
low c o l l e c t o r  c u r r e n t s .  
Since t h r  off t r a i i s i t ~ t o r  arts 
A s  a t y p i r a l  example  of low p o w r r  digital  
c i r c u i t  des ign  a nonret lundant  I ~ i q t a b l r  r i r r i i i t  of 
t h e  type  u s e d  throughout  the O S 0  t c l c m r t c r  a8 a 
f l ip  f lop o r  b i n a r y  in nhown i n  Fi j ! i i rr  ( 4 ) .  
b a s i c  flip f lop  i s  of ttic s y m n i r t r i r a l  forir t r x n n i s -  
tor complernent .ary high c:fficir,ncy type containing 
two NPN and two PNP t r a n n i s t o r s .  Ear t i  t r a n s i s t o r  
acts as a c o l l e c t o r  load for .  and  to  fiupply baee 
d r i v e  c u r r e n t  to a t r a n f i i s t o r  of thc o t h r r  t y p r .  
T h u s  d iagonal ly  oppos i te  t rans i f i to ra  arr  r i t h c r  
off o r  s a tu r a t e d  . 
d i s s i p a t i n g  e l e m e n t s  t h i s  f l ip  flop hnn tho a(lvan- 
t a g e  of p roduc ing  a n  output which  approa rhcn  the 
supp ly  vol tage  va lue8  and  h a s  a v r r y  low i n i p r d -  
ance in e i t h e r  ntate.  Thiin,  i t  1s p o ~ ~ i b l c  to  
d r i v e  e i t h e r  or both NPN and  PNP t ranniwtorn 
d i r e c t l y  from the fl ip f lop  outpiit without t h r  
n e e d  for any  addi t ional  supply  volt , i f ;ca or i n t c r -  
vening  i n v e r t i n g  c l c m r n t f i .  T h e  ur~t in l  mrthod  of 
des ign ing  low p o w e r  c i r r i i i t r y  u n r n  h i g h  valiie 
c o l l e c t o r  r e s i s t i v e  c l c m e n t s .  T h r  larcc: t i m e  
c o n s t a n t  f o r m e d  b y  thefic r r s i R t o r s  and t l i r  
t r a n s i s t o r  junc t ion  capac i tanr r f l  prrcl i ir lrn  high 
s p e e d  ope ra t ion .  
a lso a c h i e v e s  low power  opciration l ~ u t  at v e r y  
low i m p e d a n c e  l e v e l s .  t h e r e f o r e  t h r  ci rcii i t  
s p e e d  is  i i m i t e d  only  b y  thc t r a n s i s t o r  i t 6 c l f .  
The b a s e  c a p a c i t o r s  p e r m i t  r r l a t i v c l y  l a rge  
t r a n s i e n t  c u r r e n t  loads driring RwitrliinE. although 
t h e  q u i e s c e n t  c u r r c n t s  a r r  n r i i n l l .  Tllr c a p a c i t o r s  
i n  the bane c i r c u i t  m a y  be  r l i m i n a t r d  if n larar 
t r a n s i e n t  l o a d  or high s p c r d  opera t ion  ifi not 
r e q u i r e d .  The c o m p l e m r n t a r y  f l ip  flop m a y  h c  
b a e e  or c o l l e c t o r  t r i g g c r r d  with eitti::r polar i ty  
t r i g g e  r pula  e B . 
simplif ief i  d ig i t a l  c i r c u i t  defiign. 
Thc 
Be Ride s e 1 i m i nnl i iig i i  nnc c r 9 s a r y 
T h r  c o m p l r r i i r n t n r y  flip flop 
'r ti i s t ri g g e  r ve r s at i I i t y fu rt h r  r 
E l e c t r o n i c  c i r c u i t 8  m a y  bc matlc. quad  
r edundan t  b y  the d i r e c t  subs t i tu t ion  of quarls for  
e a c h  componen t  i n  the o r i g i n a l  c i rc t i i t .  
a n d  d ioden  a r e  s u b s t i t u t e d  on a quad  bafiis since 
t h e  f a i l u r e  m o d e  m a y  be  e i t h e r  open  or Hhort. 
Capac i to r s  
T h c  conipl t - rnpntnry f l ip  f lop can b r  m a d e  
1-rdl in~lai i t  hy t l l r  r l i r r r t  siibstitrltion of thc t r a n e i s -  
t o r  q i i a d  shown in  I.'iCnrc. ( 5 ) .  
thr rrrlundant f l i p  f lop  rlivirlrd into two n e r i r s  
rrdrinrlnnt t ia lvrp.  
B - F3' a r e  r o n n c r t r d  for  hil ly rpdundant o p e r a t i o n ,  
h o w e v r r .  Ihrcir pointR a r c  not p r r r n a n r n t l y  
connvctcd until  J u f i t  p r i o r  t o  finnl t e s t s .  
tecliniqiir also in uHcd in  a l l  quati redundant  
c i r r u i l s  to r n n u r e  that a l l  componpnts  a r e  o p e r a -  
ting h r f f i r v  the fin.il i n t r  rconner t ionn  a r e  m a d e .  
The o p r r n t i o n  o f  t h i s  I6  t r a n s i s t o r  redundant 
f l i p  f l op  in  t h r  evvnt of componrn t  fa i lure  m a y  b e  
d r sc r ihvcJ  ati f o l l o w n .  A l i  fa i luree  wi l l  hr 
c-onfiitirrrrl f o r  on(. f i r r i e f i  l r g  of any quad.  
romponrn t  o r  trnn!;istor junct ion o p r n  c i r c u i t  wil l  
c a u s r  thr a f f ( sc t rd  s r r i c n  1.g to b e c o m e  inopera t ive  
and the load will b r  a b e o r h r d  by the nonef f rc ted  
parallt-I I rg .  A col lrrtor-crnittrr nhort  will  
hav r  I i t t l r :  r f f P ( . t  s i n c r  thv r cma in ing  s e r i e n  
t r , i n s i i ; t n r  w i l l  not h r  ; l f f ( . r t c . d  by t h i s  Rhort. 
I ) v r a ~ i ~ c ~  i t ! i  haqr i s inrlc~pc.nclrntly connec t rd  to  
t h r  low im~ircl ; inrr  output c n n n r r t i o n .  T h e  b a s e -  
rmit tr 'r  f ihnrl  f . f f r r t i v r ly  will c n i i y r  t h r  t r a n n i s t o r  
to npvn r i r ~ - i i i l  an11 opt ' ra t ion will  contintir  on the 
p a i . a I l r 1  I r g .  A co l l rc . for - i>agc  fihort r f f r r t i v e l y  
w i l l  (Pprn thr I(,[; tltirinfi satrirIitrd o p e r a t i o n  with 
tlir l o a d  b r i n g  af i f iumrd by  t h r  p s r a l l r l  s i d e .  
rrrnairi ing s r r i r s  t r a n g i s t o r  will  e n s u r r  the 
affrrtrrl I r R  i s  n p r n  w h r n  l h r  quad  u n d e r  cone idc r -  
a t ion R l i n r i l r l  he  off. 
l i t t l r  c f f r , c t  s i n c r  thc. c a p a r i t o r f i  a r e  s e r i e s  
rcdtinrlant. 
Fig i i rr  ( 7 )  shows 
T h r  outpiit pointn A - A '  and 
T h i s  
Any 
T h e  
A c a p a c i t o r  s h o r t  wil l  h a v e  
A R  an r x a m p l r  of low p o w r r  redundant 
opr'ration a 16 t r a n s i f i t o r  f l ip flop m a y  b e  capable  
of supplying 2 5 0  m i c r o a m p r r e s  to a r e s i s t i v e  
load nnfl  s r v c r a l  r n i l l i a m p r r e s  to  a tranfiient 
l oad  dur ing  a swi tch ing  t i r n r  of 250 nanoseconds  
and  s t i l l  confirimr I c s a  than 2 5 0  m i c r o w a t t s  f r o m  
a t h r r r  volt ~ i i p p l y .  
Analor, Ci reriit R e d u n d a y  
1 hc  norriial  mr thot l  of achieving redundancy  
in ana log  circui t f i  usiss c i r r u i t s  i n  s tandby,  which  
arc fiwitchcd into o p r r a t i o n  w h r n  and  i f  the m a i n  
c i r c u i t  failH. ?'hie mrtlicid involves  a m a i n  
( i r c u i t ,  o n r  o r  morr  fitanrlby r i r r u i t s ,  a f a i l u r e  
c i r l c c t i n g  c i r r u i t  and  a swi tch ing  c i r c u i t .  
de tec t ion  m a y  t,&e m a n y  f o r m s ,  one  c o m m o n  
rnethod 1 8  t ha t  of output  D - C  leve l  de tec t ion ,  
F a i l u r e  
, 












ANALOG REDUNDANT QUA0 
FIGURE 6 
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w h e r e  the  f a i lu re  of any  Component causen  the 
D-C  leve l  t o  behave in  a p r e - d e t e r m i n e d  m a n n e r .  
A second  method of f a i lu re  eene ing  is that of 
c a r r i e r  de t ec t ion ,  where  a cons tan t  ampl i tude  
high f r equency  c a r r i e r  i s  added to the  n o r m a l  
e lgna l  input .  
f i l t e r e d  and  de tec t ed  a t  thc c i r c u i t  output and i e  
ueed  to  c o n t r o l  a s tandby c i rc i i i t  flwitching 
m e c h a n i s m .  Another  analog redundancy t rchniqur  
p r i m a r i l y  confined to a m p l i f i r r s ,  i s  t h a t  of 
m a j o r i t y  c o m p a r i s o n .  
u s e  t h r e e  iden t i ca l  a m p l i f i e r s ,  with only one 
a m p l i f i e r  connec ted  to  the  output load .  
ne tworks  c o m p a r e  a l l  a m p l i f i e r  outputs and on ly  
an a m p l i f i e r  having a n  output which a g r e e s  with 
the m a j o r i t y  output ie  connec ted  to the  load .  
S t i l l  ano the r  method u s e s  two o r  m o r e  c i r c u i t e  
connec ted  i n  p a r a l l e l  with p o w e r  swi tched  to 
"good" un i t s  and away from fa i led  uni t s .  
s ens ing  i s  done a t  the ground s t a t ion  and the 
p o w e r  swi tch ing  i s  accompl i shed  v i a  a c o m m a n d  
l ink .  
The  high f r equency  c a r r i e r  i s  
A typ ica l  s y s t e m  would 
Logic 
F a i l u r e  
All  of the  above redundancy techniques  
have  the d i sadvan tage  of r equ i r ing  a m o r e  o r  l e s s  
c o m p l i c a t e d  f a i lu re  s e n s i n g  c i r c u i t  and a c i r c u i t  
swi tch ing  dev ice .  For t h i s  s y s t e m ,  a s i m p l e r ,  
p a s s i v e  type  redundancy wau d e s i r e d .  
or nonawitching redundancy u s e s  components  i n  
s u c h  a way  tha t  the  components  o r  po r t ions  of 
the  c i r c u i t  tha t  have  not fa i led  a r e  ufied and t h e  
componen t  o r  c i r c u i t  po r t ion  tha t  h a s  fa i led  i s  
i gnored .  
des ign  w a s  developed  which i s  qu i te  s i m i l a r  t o  
tha t  of d ig i ta l  c i r c u i t r y ;  n a m e l y ,  t ha t  a s ing le  
t r a n s i s t o r  i s  r ep laced  by a quad of t r a n s i s t o r s .  
T h e  g e n e r a l  concept  i s  tha t  the  two bot tom 
t r a n s i s t o r s  i n  the quad a r e  b i a sed  to  r e m a i n  
n o r m a l l y  s a t u r a t e d  while the two top  t r a n s i s t o r s  
p e r f o r m  ac t ive ly  (See  F i g u r e  ( 6 ) ) .  Junc t ion  
s h o r t s  o c c u r r i n g  i n  the ac t ive  t r a n s i n t o r s  c a u s e  
the  n o r m a l l y  s a t u r a t e d  t r a n s i s t o r s  t o  a s s u m e  
the  ac t ive  ro l e .  The ana log  c i r c u i t  i s  f u r t h e r  
d iv ided  i n t o  r igh t  and left  ha lven .  
f a i l u r e  o r  a n y  e m i t t e r - b a s e  s h o r t s  will  cause  the 
nonaf fec ted  half to a s s u m e  the load .  Sui tab le  
f eedback  s t a b i l i z e s  ga in  and  ope ra t ing  poin ts .  
A pass ive  
A technique of redundant  ana log  c i r cu i t  
Any open  
The de ta i l ed  c i r c u i t  s c h e m a t i c  of a quad 
r edundan t  bu f fe r  a m p l i f i e r  i s  shown in F i g u r e  
( 8 ) .  T h e  a m p l i f i e r  spec i f i ca t ions  a r e  a n  input  
i m p e d a n c e  of 100 K f 170, un i ty  ga in  f0. 25% and 
output  i m p e d a n c e  lean  than  100 o h m s ,  o v e r  a l l  
e n v i r o n m e n t a l  condi t ions .  In addi t ion ,  vo l tage  
g a i n  a n d  input  impedance  should  v a r y  l e s s  t han  
1% as a r e s u l t  of a n y  component  f a i l u r e .  T h e  
b a e i c  c i r c u i t  i s  tha t  of a s t a n d a r d  o p e r a t i o n a l  
a m p l i f i e r  having  a vol tage  ga in  a p p r o x i m a t e l y  
e q u a l  t o  R 2 / R 1  and  a n  input  impedance  approx i -  
m a t e l y  e q u a l  to R I .  The  vol tage  ampl i fy ing  
t r a n s L ~ t o r  quad c o n s i s t s  of t r a n s i e t o r s  01 th rough 
Q4 and the  r m i t t e r  fo l lower  quad i s  Q5 th rough 08. 
A n  with a l l  redundant  ana log  c l r c u i t s  u s e d  i n  th i s  
Ryetern, the a m p l i f i e r  i s  divided into r lgh t  and 
left hn1vr:n. F a r  r l a r j t y ,  the component nurnhera  
of t h r  pans iv r  r l rmenl f l  amnociatrd with the r igh t  
half a r r  p r i r n p d ,  whi l r  t hp i r  oppos i te  n u m b e r  in 
the Irft half arr  unpr imcd .  
T r a n n i q t o r s  having r r l a t i v r l y  high ga ins  
at low c i i r r r n t  l r v r l s  h a v r  been u R r d ;  f o r  the 
N-P-N's, typically h f r  = 100 at  D - C  c i i r r r n t  
l e v r l s  of 100 m i c r o a m p n .  
c u r r e n t s .  a s  d e t e r m i n e d  by R6.  R 6 '  and R 7 ,  R7' 
are  such  that the quad t r a n s i s t o r e  0 3 ,  0 4 ,  Q5 
and 0 6  a r e  s a t u r a t e d .  T h e  D-C feedback ,  as 
d e t e r m i n e d  by RZ, R2' and R5, R 5 '  c a u s e s  Q I ,  
Q Z ,  Q7 and QR to o p e r a t e  in  the ac t ive  region. 
Input,  f e rdback  and b i a s  r e s i s t o r s  for each  
a m p l i f i e r  half a r e  S O  i s o l a t r d  that fau l t s  in one 
half of the  a m p l i f i e r  will not a t  a l l  a f fec t  the 
ope ra t ion  of the o t h r r  half .  Th i s  buf fer  i n  u s e d  
to ampl i fy  low impedance  pos i t i v r  pulfies vary ing  
f r o m  z e r o  to five vol t s .  Input r e s i s t o r s  R1 and  
R1' conver t  the  input s igna l  to a c u r r e n t ,  which 
i s  appl ied  ident ica l ly  to  r igh t  and left  ampl i f i e r  
ha lves  through the t r a n e i s t o r  b a s e  d iodes  C R l  
and C R l ' .  A e m a l l  amoun t  of s igna l  c u r r e n t  i s  
shunted  through r c e i s t o r n  R 6  and R6 '  in to  the  
b a s e  of the f ia tura ted  t r a n s i s t o r n  but t h i s  shunt  
c u r r e n t  i s  ma in ta in rd  s m a l l  and conntant.  
T r i m m i n g  of the feedback  r e s i s t o r s  RZ and  R2' 
c o m p e n s a t e s  for  th i s  s igna l  l o s s .  
a m p l i f i e r  ga in  i s  m a d e  l a r g r  by ufiing spec ia l ly  
spec i f ied  and s e l e c t e d  t r ans i f i t o r s  which have  ~ 
high c u r r e n t  ga ins  a t  low co l l ec to r  c u r r e n t s  and 
by u t i l i z ing  v e r y  l a r g e  va lue  co l l ec to r  load 
r e s i s t o r s .  The l a r g e  open loop gain c a u s r s  the 
c losed  loop ga in  to be v e r y  n e a r l y  eqii.71 to the  
r a t io  of the feedback  resistors. i n  th i s  c a s e  I72 
and R2' o v e r  R1 and  R1' r e spec t ive ly .  
TranRintor  b i a s  
Open loop  
The ope ra t ion  of th i s  c i r c u i t  i n  the event  
of a t r a n e i s t o r  f a i lu re  m a y  be  d i s c u s s e d  i n  
g r n e r a l  t r r m s  a s  follows: 
Co l l ec to r  - B a s e  and  Co l l ec to r  - E m i  t t e  r 
Shor t .  It will  be  a s s u m e d  that t hese  fau l t s  o c c u r  
in t r a n s i s t o r  quad Q1 through 0 4 ,  noting h o w e v e r  
tha t  the  c i r c u i t  p e r f o r m a n c e  i s  typ ica l  of t he  
second  quad as  wel l .  T h e s e  p a r t i c u l a r  j unc t ion  
s h o r t s .  if sus t a ined  i n  t r a n e i s t o r s  Q3 ( o r  0 4 )  
have  r e l a t ive ly  l i t t l e  e f fec t  on c i r c u i t  o p e r a t i o n  
s ince  t h e s e  t r a n s i n t o r s  a r e  a l r e a d y  o p e r a t e d  in  
the s a t u r a t e d  mode .  The  open loop ga in  wi l l  t end  
to  i n c r e a s e  s o m r w h a t  s ince  the  e m i t t e r  d e g e n e r a -  
t ion n o r m a l l y  p r e n e n t  on the  ac t ive  ampl i fy ing  
t r a n s i s t o r  i s  l e s s e n e d  due  to the  r educed  s a t u r a t i o n  
r e s i s t a n c e  i n  Q 3  ( o r  Q4) .  L ikewise ,  the s a m e  





































Q I  ( o r  Q2) ef fec t ive ly  s h o r t  c i r c u i t s  t h e s e  
t r a n s i s t o r s  and the n o r m a l l y  na tu ra t ed  t r a n s i s t o r s  
are c a u s e d  by the  D-C feedback to  a s s u m e  the  
ac t ive  ro l e .  
by the  b a s e  r e s i s t o r s  R6 and R 6 '  but th i s  i s  m o r e  
than compensa ted  for by the a b s e n c e  of e m i t t e r  
degene ra t ion .  
Q1 b e c o m e s  r e v e r s e d  b i a sed  in the p r e s e n c e  of 
t h e s e  s h o r t s ,  which he lps  ma in ta in  a s t ab lc  
ope ra t ing  point and a l s o  p r e v e n t s  t he  l o s s  of 
s igna l  c u r r e n t  th rough the  inac t ive  t r a n s i s t o r .  
Open loop gain t ends  to be reduced 
The  d iode  in  tho b a s e  c i r cu i t  of 
B a s e - E m i t t e r  Shor t s  and  T r a n s i s t o r  Opeds .  _. 
A s h o r t  c i r c u i t  a c r o s s  the  b a s e  and e m i t t e r  
junc t ion  of a t r a n s i s t o r  e f fec t ive ly  will  cu t  i t  off 
and  m a k e  i t  a p p e a r  as a n  open  c i r cu i t .  
and  in  any  a c t u a l  open  c i r c u i t  c a s e ,  the e n t i r e  
a m p l i f i e r  s ide  b e c o m e s  inope ra t ive  and the load  
is e n t i r e l y  a b s o r b e d  by the nonaffected s ide .  
In t h i s ,  
Sufficient la t i tude  i s  des igned  in to  the 
c i r c u i t  so that  any  coupling c a p a c i t o r  or  b i a s  
r e s i s t o r  m a y  f a i l  without s ign i f icant  degrada t ion  
of p e r f o r m a n c e .  The  sole except ion  i s  the input 
r e s i s t o r  R1. 
t he  c i r c u i t  wi l l  c a u s e  a d i r e c t  change i n  ga in  and 
input  i m p e d a n c e ,  and  t h e r e f o r e ,  the  d e g r e e  of 
r edundancy  obta ined  will  be a function of the 
n u m b e r  of r e s i s t o r s  p a r a l l e l e d .  
An open  r e s i s t o r  i n  th i s  p a r t  of 
The m a j o r  cons ide ra t ions  in  the  buf fer  
a m p l i f i e r  c i r c u i t  des ign  w e r e  a c c u r a c y  and 
s tab i l i ty ;  consequent ly ,  v e r y  high ga in .  re la t ive ly  
s l o w  t r a n s i s t o r s  w e r e  used .  However ,  a 
d i f f e ren t  p r o b l e m  a r i s e s  when i t  i s  d e s i r e d  t o  
ampl i fy  n a r r o w  p u l s e s  a t  a f a s t  repe t i t ion  rate. 
If f a s t  d iodes  a r e  u s e d  in  s e r i e s  with the  
t r a n s i s t o r  b a s e s  to  p r o t e c t  a g a i n s t  the e f f ec t s  of 
c o l l e c t o r - b a s e  s h o r t s ,  i t  is p o s s i b l e  tha t  the 
d iode  wi l l  t u r n  off be fo re  all the  s t o r e d  c h a r g e  
is r e m o v e d  f r o m  the  t r a n s i s t o r  b a s e .  Th i s  
r e s u l t s  i n  r e l a t ive ly  s low r i s e  t i m e s  s i n c e  t h e  
s t o r a g e  c h a r g e  m u s t  be  r e m o v e d  b y  recombina t ion .  
One so lu t ion  i a  to u s e  v e r y  s low d i o d e s ,  but a t  
t i m e s  i t  is difficult  to m a t c h  the  t r a n s i s t o r  a n d  
d iode  turn-of f  t i m e s  o v e r  wide a m b i e n t  t e m p e r a -  
t u r e  v a r i a t i o n s .  Ano the r  me thod  is u s e  s a tu ra t ed  
t r a n s i s t o r s  i n  p l ace  of the  d iodes .  
t r a n s i s t o r s  a re  spec i f i ca l ly  chosen  to have high 
f o r w a r d  ga in  a n d  v e r y  low i n v e r t e d  c u r r e n t  gain. 
U n d e r  n o r m a l  ope ra t ing  condi t ions  the s a t u r a t e d  
t r a n s i s t o r  swi tch  c a n  be  c o n s i d e r e d  a s  a s m a l l  
r e s i s t a n c e  and the  s t o r a g e  c h a r g e  i n  the  a m p l i f p n g  
t r a n s i s t o r s  cafl e f fec t ive ly  be  r emoved .  In :he 
e v e n t  of a co l l ec to r -base  s h o r t  i n  t r a n s i s t o r s  
Q1 o r  Q2, the s a t u r a t e d  swi t ch  wi l l  t hen  ope ra t e  
i n  t h e  i n v e r t e d  condition. B e c a u s e  of t he  low 
i n v e r t e d  c u r r e n t  ga in  the  t r a n s i s t o r  b e c o m e s  
u n s a t u r a t e d  and  v e r y  l i t t l e  degene ra t ive  feedback 
T h e s e  
wi l l  bo t r a n s m i t t e d  back to  the new ac t ive  
t r a n s i s t o r  0 3  f o r  (14). 
The  buffer  a m p l i f i e r  d e s c r i b e d  is  r e p r e -  
s en ta t ive  of the c l a s s  of analog  quad redundant  
c i r c u i t s  des igned  f o r  th i s  PCM s y s t e m .  O t h e r  
c i r c u i t s  a r e  c o m p a r a t o r  a m p l i f i e r s ,  f r a m e  sync 
ampl i f ie  r s ,  c r y s t a l  o s c i l l a t o r ,  voltage refe r e n c e s ,  
power  c o n v e r t e r s  and r e g u l a t o r s .  T h e  s c h e m a t i c  
of ano the r  p a s s i v e  redundant  c i r c u i t ,  a c r y s t a l  
con t ro l l ed  o s c i l l a t o r  i s  shown i n  F i g u r e  ( 9 ) .  Any 
t r a n s i s t o r  junction s h o r t  or open will  not cauee  
the f r equency  to sh i f t  by m o r e  than one  cyc le  p e r  
second o r  the  ampl i tude  t o  v a r y  by more than  10%. 
F a b r i c a t i o n  and  Tes t ing  
It h a s  been s t a t ed  tha t  high s y s t e m  
re l i ab i l i t y  h a s  been sought  by component  redun-  
dancy ,  and b y  a low power  des ign  philosophy 
which r e s u l t s  i n  components  ope ra t ing  a t  a low 
u s e - t o - r a t e d  s t r e s s  r a t io .  However ,  t h e s e  
des ign  techniques  do  not e l imina te  the  n e c e s s i t y  
for e n s u r i n g  the u s e  of high qua l i ty  componenta .  
T h e r e f o r e ,  t he  p a r t s  u s e d  i n  the  Orb i t ing  Solar 
O b s e r v a t o r y  a r e  subjec ted  to  r igo rous  ag ing  and  
tes t ing .  
E a c h  ac t ive  componen: des t ined  f o r  s y s t e m  u s e  is 
s e r i a l i z e d  uniquely a t  the t ime  of r ece ip t .  The  
p a r t  t hen  i s  t e s t ed  and p a r a m e t e r s  a p p r o p r i a t e  
t o  i t s  u l t ima te  u s e  a r e  m e a s u r e d .  I t  i s  t hen  
p l aced  i n  aging r a c k s ,  where  i t  i s  a g e d  in  c i r c u i t s  
c lose ly  r e sembl ing  the ac tua l  condi t ions  of u s e ,  
for p e r i o d s  ranging  f r o m  one  to  fou r  months.  
Dur ing ,  and i m m e d i a t e l y  following the  aging 
p r o c e s s ,  the component  is r e - t e s t e d  and t h e  
r e s u l t s  a r e  c o m p a r e d  to  p rev ious  t e s t  r e s u l t s .  
Any s igni f icant  change i n  p a r a m e t e r e  c a u s e s  the  
component  t o  be  r e j ec t ed .  
B e s i d e s  p e r f o r m i n g  a qual i ty  check  o n  a l l  
components .  th i s  tes t ing  p r o c e d u r e  p r o v i d e s  the  
ac tua l  p a r a m e t e r  d i s t r ibu t ion  c u r v e s  o n  which 
c i r c u i t  des ign  i s  based .  
s e r i a l i z e d  components  i n  spec i f i c  u s a g e  c a t e g o r i e s  
m a k e s  i t  poss ib l e  to  des ign  to  much  t i g h t e r  
t o l e r a n c e s ,  s ince  the w o r s t  c a s e  des ign  philosophy 
is now b a s e d  on  the definite knowledge of the 
ac tua l  w o r s t  c a s e .  Thus .  the f ina l  c i r c u i t  des ign  
is b a s e d  on  de ta i led  knowledge of the  ac tua l  
componen t s ,  r a t h e r  than  on  typ ica l  product ion  
d i s t r ibu t ion  c u r v e s .  
des ign  m o r e  c lose ly  to the  end  point l i m i t s ,  and  
consequent ly ,  i t  is poss ib l e  to  a t ta in  l o w e r  p o w r -  
c i r c u i t s  than  would b e  the  c a s e  if the  full  
manufac tu r ing  r ange  had  to  be  accomoda ted .  
P l ac ing  ind iv idua l ,  
It is t h e r e f o r e  poss ib l e  t o  
Following the poe t -ag ing  t e s t ing ,  the 
components  a r e  a s s e m b l e d  on p r in t ed  c i r cu i t  
b o a r d s .  
ident i f ied acco rd ing  to  s e r i a l  number  and circui t  
locat ion.  T h i s  r e c o r d  j s  mainta ined  S O  that  it i s  
poss ib l e  a t  any  l a t e r  date  to  c o r r a l a t e  c i r cu i t  
b o a r d  t e s t  r e s u l t s  to individual component tes t  
r e s u l t s ,  so a s  to check aga ins t  poss ib l e  damage 
i n c u r r e d  dur ing  the a s s e m h l y  p r o c e s e .  
At the t i m e  of a s s e m b l y  al l  partm a r c  
Low power  c i r c u i t  des ign  p e r m i t s  the 
u s e  of v e r y  high denmity packaging  in the pr in ted  
c i r c u i t  modu les .  
a s s e m b l y  of a typical  c i r c u i t  b o a r d ,  and  F igu re  
( 1 1 )  is the module  a f t e r  encapsula t ion .  
encapsu la t ion  the module  is subjec ted  to a 
funct ional  t e s t  i n  which the ac tua l  c i r cu i t  p e r -  
f o r m a n c e  i s  o b s e r v e d .  
func t iona l  t e a t  i s  r epea ted .  The unique c h a r a c t e r  
of component  redundant  c i r c u i t s  m a k e s  mandatory  
th i s  continuous s t e p - b y - s t e p  tes t ing du r ing  the 
s y s t e m  a s s e m b l y  p r o c e s s .  To d e r i v e  the full 
bene f i t s  of redundancy  i t  is n e c e s s a r y  that  the 
s y s t e m  be sh ipped  with a l l  components  functioning. 
T e s t i n g  th i s  is difficult  because  i n  a fully 
redundant  s y s t e m  i t  would be a l m o s t  impoes ib le  
to  p e r c e i v e  that  a component  h a s  been damaged 
i n  a s s e m b l y  without t h i s  continuous asnenib ly  
t e s t ing .  One t e s t ing  technique  that  ha*  worked 
we l l  is to  des ign  c i r c u i t s  i n  p a r a l l e l  ha lves  with 
e a s i l y  r emoved  connec to r s  comple t ing  the  
r edundan t  connec t ion .  In t h i s  way e a c h  pa ra l l e l  
half  of the redundant  c i r c u i t  m a y  be checked  on 
a "go-no  go" b a s i s  m e r e l y  by  de te rmin ing  i f  the 
c i r c u i t  o p e r a t e s  o r  not. 
check  tha t  a m e m b e r  of the s e r i e s  p a i r  within 
the  p a r a l l e l  half of the c i r c u i t  i s  mtill operat ive.  
To check  t h i s ,  the module  m u s t  be p robed  a t  the 
midpo in t  of the quad  l eg  for p r o p e r  waveforms 
dur ing  the func t iona l  t e s t .  
F i g u r e  ( 1 0 )  shows the comple ted  
P r i o r  to  
Af te r  encapsula t ion  the 
It i m  m o r e  difficult  to 
F i g u r e  (12)  i l l u s t r a t e s  the final asmembly 
of the e n c o d e r  and  ana log  e u b r ~ ~ r n m u t a t o r  
p a c k a g e s .  The  encapsu la t ed  modu les  have been 
s t a c k e d  and  the in t e rconnec t ion  wi r ing  h a s  been 
comple t ed  be tween module  p ins  on  top  of t he  
a s s e m b l y .  At th i s  t i m e  it is s t i l l  poss ib l e  to 
check  a good dea l  of t he  redundancy  s ince  the 
last connec t ions  to  be m a d e  a r e  those  closing 
t h e  p a r a l l e l  h a l v e s .  
connec t ions  a r e  m a d e  which t r a n s f o r m s  the  
t e l e m e t e r  into a comple t e ly  redundant  ent i ty ,  
a n d  t h e r e a f t e r ,  no s ing le  component  f a i l u r e  can 
b e  iden t i f i ed  on  the b a s i s  of a s y s t e m  t e s t .  
Af t e r  t h i s  t e s t  t he  f inal  
appa ren t  that  weapon s y s t e m s  of vi ta l  i m p o r t  
and  epace m i s s i o n s  of e x t r e m e l y  long du ra t ion  
r e q u i r e  that  s o m e  f o r m  of redundancy be u s e d  to 
sa t i s fy  r e l i ab i l i t y  r e q u i r e m e n t s .  
At ta inment  of r e l i ab i l i t y  through redundancy 
however  is cos t ly .  
m a t e r i a l s ,  nize.  weight,  p o w e r ,  and des ign  and  
tes t ing t i m e  a r e  p ropor t iona l  to  the d e g r e e  of 
redundancy  and r e l i ab i l i t y  d e s i r e d .  I t  m a y  be  
gene ra l i zed  that  the a forement ioned  s y s t e m  
p a r a m e t e r s  a r e  i n c r e a s e d  by f a c t o r s  of 
approx ima te ly  2. 5 and 5 . 0  for c i r c u i t  and  quad 
redundancy ,  r e spec t ive ly .  Ce r t a in ly  redundancy 
is not a n  acrons the b o a r d  panacea  for all 
e l e c t r o n i c  ills and  i t  should be used  with d i s c r e t i o n  
only  a f t e r  a ca re fu l  weighing of all cons ide ra t ions .  
N e v e r t h e l e s s ,  unt i l  a subs t an t i a l  i n c r e a s e  i n  
p roven  component  r e l i ab i l i t y  is achieved ,  
redundancy  a p p e a r s  to  be t h e  bea t  approach  to the 
a t t a inmen t  of h igh  r e l i ab i l i t y  i n  e l ec t ron ic  r y s t e m r .  
I n c r e a s e s  in  t e r m s  of 
Conclus ions  
B a s e d  on  g e n e r a l l y  accep ted  s t a t i s t i ca l  
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p e r i o d  of one  y e a r  of 0 . 6 5 ;  tha t  i n ,  I ou t  of 3 
m i s s i o n s  will  fa i l .  
C e r t a i n l y ,  some d r a m a t i c  ac t ion  m u s t  be 
t a k e n  t o  inc reas t .  the  r e l i ab i l i t y  of t h r  equipment .  
Th io  ac t ion  may c o n s i s t  of the  in t roduct ion  of 
redundancy .  Many 'forms of redundancy m a y  be 
u s e d  i n  e l e c t r o n i c  s y s t e m s .  In g e n e r a l .  redundant 
s y s t e m s  m a y  b e  c l a s s i f i ed  as  ac t ive  or pnnaive. 
"Active",  or "c i rcu i t " ,  or "block" redundancy 
deno tes  a s y s t e m  requ i r ing  a fault  de tec t ing  
m e c h a n i s m  a n d  a ewitch which swi t ches  out the 
fau l ty  p o r t i o n  and  swi t ches  i n  the redundant  
por t ion .  
which the  r e s e r v e  e l e m e n t s  a r e  connected i n  
s u c h  a w a y  tha t  f a i l u r e  of an e l e m e n t  does  no t  
a f fec t  t he  o p e r a t i o n  of the  s y s t e m .  
dancy  is a n  example  of such  a s y s t e m .  
of r edundancy  g e n e r a l l y  r equ i r e*  m o r e  components 
than  those  which e m p l o y  an ac t ive  swi tch ing  
r edundancy ,  bu t  ac t ive  redundant  s y s t e m s  have  
the  i n h e r e n t  d i sadvantage  of r equ i r ing  a compl ica ted  
f a i l u r e  d e t e c t o r ,  and  i n  addition have  a f in i te  
t i m e  d e l a y  between the  sens ing  of a fa i lu re  and 
the  r e p l a c e m e n t  of the  fau l ty  e l e m e n t .  
P a s s i v e  redundancy denotes  a s y s t e m  in 
Quad redun-  
T h i s  type 
T h i s  p a p e r  will  e x p l o r e  the  p r e d i c t e d  
r e l i a b i l i t i e s  of v a r i o u s  types of e l e c t r o n i c  s y e t e m s ,  
inc luding  nonredundant ,  ac t ive  r edundan t  a n d  
p a s s i v e  redundant ;  and  then  c o n c e n t r a t e  on the 
deve lopmen t  of a P C M  t e l e m e t e r  for t h e  5 -17  
Orb i t ing  Solar O b s e r v a t o r y  sa t e l l i t e  u s ing  a 
q u a d  r edundan t ,  c i r c u i t  des ign  a p p r o a c h .  
Redundancy Rel iab i l i ty  P r e d i c t i o n s  
T h e  p r e d i c t e d  p robab i l i t i e s  of s u r v i v a l  of 
p a r t ,  c i r c u i t  and  nonredundant  conf igu ra t ions  
for a typ ica l  t r a n s i s t o r i z e d  sa t e l l i t e  t e l e m e t e r  
wi l l  be  c o m p a r e d  to  d e m o n s t r a t e  t h e i r  re la t ive  
r e l i a b i l i t i e s .  
s y s t e m  cons i s t ing  of 500 t r a n s i s t o r n  wi l l  be 
a s s u m e d ,  s i n c e  a nonredundant  v e r s i o n  of the  
OS0 t e l e m e t e r  would r e q u i r e  approx ima te ly  this 
n u m b e r  of t r a n s i s t o r  func t ions .  
of s u r v i v a l  wi l l  b e  ca l cu la t ed  f o r  a 10, 000 hour ,  
or a p p r o x i m a t e l y  400 day,  m i s s i o n .  To Rimplify 
the  ca l cu la t ions  t h e s e  r e l i ab i l i t y  p red ic t ions  will 
b e  b a s e d  o n  a n  a s n u m e d  combined  m e a n  t i m e  to 
f a i l u r e  for a t r a n s i s t o r  and i t s  a s s o c i a t e d  cornpo- 
nen t s .  T h i s  combina t ion  of f a i l u r e  r a t e s  is 
j u s t i f i e d  o n  the  b a s i s  tha t  t he  f a i lu re  r a t e  of a 
t yp ica l  t r a n s i s t o r  is usua l ly  an  o r d e r  of magnitude 
g r e a t e r  t han  t h e  combined  f a i l u r e  r a t e  for i t s  
a s s o c i a t e d  p a s s i v e  componen t s .  An a s s u m e d  
m e a n  time to  f a i l u r e  of 2 ,000 ,000  h o u r e  for a 
t r a n s i s t o r  a n d  i t s  a s s o c i a t e d  p a r t s  i s  pos tu la ted ,  
b a s e d  on the  qua l i t y  of p a r t s  u s e d ,  d e r a t i n g ,  and 
e n v i r o n m e n t a l  condi t ions  encoun te red  in the  OSO. 
Since i t  is di f f icu l t  to a t t ach  a high d e g r e e  of 
For t h i s  c o m p a r i s o n  a b a s i c  
The p robab i l i t i e s  
confidence l o  any a s s u m e d  m e a n  t i m e  to  f a i l u r e  
of thin o r d e r  thene  ca l cu la t ion r  are in tended  to 
nhow the r c l a t lve  r a t h e r  than the  absolu te  
advantages  of varlourc f o r m s  of redundancy. 
co rnpa r i son  the  prrdictcld p robab i l i t y  of nurviva l  
f o r  one  half and  t en  t i m e s  the  a s s u m e d  m e a n  t i m e  
to f a i lu re  will be tabula ted  in C h a r t  ( I ) .  
For 
In  ca lcu la t ing  the  probabi l i ty  of s u r v i v a l  
for a s y s t e m  conta in ing  a l a r g e  n u m b e r  of 
components  i t  usua l ly  is annumed tha t  the  f a l l u r t  
d i s t r ibu t ion  of any  type of component  i s  exponen-  
t ia l .  With t h i s  a s s u m p t i o n  the  p e r f o r m a n c e  of a 
g iven  component  c a n  be  c h a r a c t e r i z e d  by a 
m e a n  t i m e  to f a i l u r e  or a fa i lu re  r a t e .  If a 
s y s t e m  conta ins  n componen t s  with a f a i lu re  r a t e  
of f p e r  h o u r  i t  i s  expec ted  s t a t i s t i ca l ly  tha t  t h e r e  
wi l l  be ( n  I) f a i l u r e s  p e r  h o u r ,  or ( t  n f )  f a i l u r e s  
i n  t h o u r s .  1f the  f a i lu re  p robab i l i t y  is  a s s u m e d  
random and a n y  f a i lu re  caunes  s y s t e m  fa i lu re  
the  probabi l i ty  of s u r v i v a l ,  P,,  for the s y s t e m  is 
-tnf P, = e 
T h u s  for the  p r e v i o u s l y  a s s u m e d  nonredundant  
s y s t e m  the  p r e d i c t e d  probabi l i ty  of s u r v i v a l  is 
An ac t ive ,  or c i r c u i t ,  redundant  s y s t e m  
could  cons i s t  of two or more comple t e  nonredun-  
dant  t e l e m e t e r s  connec ted  s u c h  tha t  e a c h  s y s t e m  
could  o p e r a t e  independent ly .  The  two d ig i ta l  
mu l t ip l exe r  and  e n c o d e r  a s s e m b l i e s  shown i n  
F i g u r e  ( I ) ,  are  a n  e x a m p l e  of c i r c u i t  redundancy .  
T h e  p robab i l i t y  of f a i l u r e ,  P f ,  for two such  
sys t c rna  capable  of being swi tched  by a n  a s s u m e d  
nonfail ing c i r c u i t  i s  the p roduc t  of t h e i r  ind iv idua l  
f a i l u r e  p robab i l i t i e s .  S ince  f o r  any  s i tua t ion  
P, + Pf = 1 
the  p robab i l i t y  of s u r v i v a l ,  P s 2 ,  is 
2 
= 1 - ( l - 0 . 0 8 2 1 ) 2  = 0 .  158 
= 1 -( I - P a l )  
( 4 )  
S i m i l a r l y  f o r  t h r e e  p a r a l l e l  t e l e m e t e r s  where  
only  one  i s  r e q u i r e d  to s u r v i v e  f o r  s u c c e s s f u l  
o p e r a t i o n  the  p red ic t ed  p robab i l i t y  of s u r v i v a l  is 
( 5 )  3 P s 3  = 1 - Pf 
= l - ( l - P s l )  3 ~ 0 . 2 2 7  
I t  m a y  b e  noted  tha t  t h i s  type of redundancy does  
not i n c r e a s e  the  chance  of m i s s i o n  s u c c e s s  
m a t e r i a l l y  u n l e s s  the individual b locks  t h e m s e l v e s  
have  a v e r y  high chance  of s u c c e s s .  
